. We found that CNS-derived IL-4 was a critical regulator because mice with a deficiency in IL-4 production in the CNS, but not the periphery, had exacerbated EAE associated with a significant increase in the absolute number of infiltrating inflammatory cells. We also found that CNS-resident microglial cells in both the resting and activated state produced the protein Ym1, which is a marker of alternatively activated macrophages (aaM⌽s), in an IL-4-dependent manner. This aaM⌽ phenotype extended to the lack of nitric oxide (NO) production by activated microglial cells, which is a marker of classically activated macrophages. We also show that IL-4 induced the expression of Ym1 in peripheral infiltrating macrophages, which also produce NO. Thus, macrophages that migrate into the CNS exhibit a dual phenotype. These data indicate that IL-4 production in the CNS is essential for controlling autoimmune inflammation by inducing a microglial cell aaM⌽ phenotype. Macrophages that have undergone alternative activation have been shown to be important in tissue repair; thus, our results suggest a new role for microglial cells in the regulation of inflammation in the CNS.
Introduction
Microglial cells are myeloid lineage cells resident to the CNS. In the normal CNS, microglial cells have been shown to survey their surrounding microenvironment (Nimmerjahn et al., 2005) . However, in a pathological state, microglial cells have the capacity to become rapidly activated, changing both their morphology and phenotype (Nelson et al., 2002) . It is becoming increasingly clear that microglial cells have multiple functions in the CNS, including antigen presentation, phagocytosis, and cytokine production, which, depending on the disease state, can be pathogenic or protective. In multiple sclerosis (MS), microglial cells are thought to perform all of these functions (Carson, 2002) . Although much is known about microglial cell activation, little is known about how they serve a protective role in the CNS.
Interleukin-4 (IL-4) is a well described immune regulatory cytokine able to suppress inflammation. Its role in regulating inflammation within the CNS has been demonstrated in the mouse model of MS, experimental autoimmune encephalomyelitis (EAE), whereby mice deficient in IL-4 exhibited more severe EAE clinical disease (Bettelli et al., 1998; Falcone et al., 1998 ). An importance for IL-4 within the CNS was demonstrated when IL-4 was delivered to the CNS by IL-4 retroviral-transduced T-cells or by a nonreplicative herpes simplex type 1 viral vector, resulting in the amelioration of EAE (Shaw et al., 1997; Furlan et al., 1998) .
One mechanism for how IL-4 is thought to regulate inflammation is by influencing the phenotype and function of macrophages. The activation of macrophages in the presence of IL-4 results in an alternatively activated (aaM⌽) phenotype first characterized by an increase in the mannose receptor and major histocompatibility complex (MHC) class II expression (Stein et al., 1992) . Recently, the chitinase family protein Ym1 was shown to be an excellent marker of aaM⌽s (Chang et al., 2001; Raes et al., 2002) . The primary function of aaM⌽s is thought to be the resolution of inflammation and promotion of wound healing. Both events are important in the CNS for the recovery from MS and EAE, which requires resolution of the immune inflammatory infiltrate and remyelination of neurons. Macrophages activated classically (caM⌽s) by interferon-␥ (IFN-␥) produce nitric oxide (NO), are proinflammatory, and drive chronic inflammation and tissue injury, events involved with MS and EAE pathogenesis.
In this study, we examined the macrophage phenotype that the CNS microenvironment supports under normal conditions and during EAE pathological disease. We found that microglial cells produced both IL-4 and Ym1, with both increasing after activation during EAE. CNS-infiltrating macrophages expressed similar levels of Ym1 protein. One major difference between the two myeloid populations was the expression of NO, which was expressed by the infiltrating macrophages but not by microglial cells. Using mice deficient in IL-4 production or signaling only within the CNS, we found that the aaM⌽ phenotype was IL-4 dependent. In these same mice, EAE clinical disease was more severe. These data suggest that the CNS microenvironment, by the production of IL-4, actively regulates the function of macrophages by promoting an aaM⌽ phenotype that is required for the control of CNS inflammation.
Materials and Methods
Mice. B10.PL (H-2 u ) and (B10.PL/C57BL/6)F 1 (H-2 uxb ) mice were bred locally. C57BL/6J, BALB/cJ, C57BL/6-Il4 tm1Nnt /J (IL-4 Ϫ/Ϫ ) and BALB/ c-Il4ra tm1Sz /J [IL-4␣ receptor Ϫ/Ϫ (IL-4␣R Ϫ/Ϫ )] mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The MBP-TCR transgenic mice have been described previously (Dittel et al., 1999 b -biotin, and CD45-allophycocyanin (APC)-Cy5 monoclonal antibody (mAb) were purchased from Biolegend (San Diego, CA). Streptavidin (SA)-PE, SA-APC-Cy7, and CD45-PE were purchased from eBioscience (San Diego, CA).
Irradiation bone marrow chimeras. Bone marrow (BM) chimeras were generated as described previously (Ponomarev et al., 2005b) bϩ donor-derived perivascular macrophages. In the periphery, H-2K b was shown to be expressed by 98% of peritoneal macrophages and 91% of CD11b ϩ peripheral blood mononuclear cells. In the generation of the chimeras, the lethal irradiation does not result in activation of microglial cells after a 8 -10 week engraftment period (Ponomarev et al., 2005b) .
EAE induction. In B10.PL chimera mice, EAE was induced by the adoptive transfer of MBP-specific encephalitogenic T-cells generated as described previously (Dittel et al., 1999) . Briefly, mice are sublethally irradiated (360 rad) before adoptive transfer of 0.5-1 ϫ 10 6 encephalitogenic T-cells. We found that the low-dose irradiation does not result in microglial cell activation (Ponomarev et al., 2005b) . In C57BL/6-IL-4 Ϫ/Ϫ chimera mice, EAE was induced by immunization with 400 g of MOG peptide in complete Freund's adjuvant (Chondrex, Redmond, WA). Pertussis toxin (200 ng) (List Biological Labs, Campbell, CA) was injected intraperitoneally at the time of immunization and 48 h later. Individual animals were scored using the following scale: (0) no disease, (1) limp tail and/or hindlimb ataxia, (2) hindlimb paresis, (3) hindlimb paralysis, (4) hindlimb and forelimb paralysis, and (5) death.
Flow cytometry and cell sorting. Total mononuclear cells were isolated and pooled from the brains and spinal cords of three to five unmanipulated or chimeric mice with EAE on the day of peak of disease (day 10 for B10.PL chimeras and day 14 for C57BL/6 and C57BL/6-IL-4 Ϫ/Ϫ chimeras) as described previously (Ponomarev and Dittel, 2005) . Analysis of CNS mononuclear cells isolated from chimeric animals with EAE was performed using CD11b-PE-Cy5, CD45-PE-Cy7, and H-2K b -FITC (B10.PL) or H-2K d -FITC (C57BL/6) (Ponomarev et al., 2005b) . In the normal CNS, perivascular macrophages were distinguished from microglial cells by forward and size scatter parameters (Ponomarev et al., 2005b (Ponomarev et al., 2005b) . For the detection of cytoplasmic Ym1, we used the Cytofix/Cytoperm kit for intracellular cytokine staining from BD Biosciences (San Diego, CA). For permeabilization, the cells were stained for the expression of surface markers and then were centrifuged and resuspended in Cytofix/Cytoperm solution and incubated for 20 min on ice. The cells were then washed in Perm/Wash solution and blocked with 10% goat serum (Zymed, San Francisco, CA) and 20% FBS in Perm/Wash solution for 30 min at room temperature. After blocking, the cells were washed again with Perm/Wash solution and resuspended in Perm/Wash solution containing rabbit polyclonal antiYm1 Ab, which recognizes both Ym1 and Ym2 proteins (Chang et al., 2001) or rabbit serum (Sigma-Aldrich, St. Louis, MO). After a 1.5 h incubation at room temperature, the cells were washed with Perm/Wash solution and then incubated in Perm/Wash solution containing antirabbit IgG-Biotin (Jackson ImmunoResearch, West Grove, PA) for 20 min at room temperature. The cells were then washed with Perm/Wash solution and incubated in Perm/Wash solution containing SA-PE (Caltag, Burlingame, CA) for 15 min at room temperature. Finally, the cells were washed two times with 1 ml of Perm/Wash solution, fixed in 1% paraformaldehyde, and analyzed on LSR II Flow Cytometer (BD Biosciences).
Detection of NO. The production of NO in live cells was determined using a 4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein (DAF-FM) diacetate probe (Invitrogen, Carlsbad, CA). Briefly, ϳ0.5 ϫ 10 6 CNS mononuclear cells were incubated with 10 M DAF-FM diacetate and the anti-Fc receptor mAb 2.4G2 for 30 min, before cell surface staining.
Real-time PCR. Total mRNA was isolated using the Dynabeads mRNA Direct kit (Dynal Biotech ASA, Oslo, Norway). cDNA was synthesized, Ym1 and IL-4 were quantitated by real-time reverse transcription (RT)-PCR using SYBR-Green as the detection agent, and threshold values of Ym1 and IL-4 were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression using standard curves as described previously (Ponomarev et al., 2004) . The following sequence-specific primers were used in real-time PCR: GAPDH primers have been described previously (Ponomarev et al., 2004) ; Ym1 (Raes et al., 2002) , which amplifies both Ym1 and Ym2, forward, 5Ј-GGGCATACCTTTATCCTGAG-3Ј; reverse, 5Ј-CCACTGAAGTCATCCATGTC-3Ј; FIZZ1 (Raes et al., 2002) , forward, 5Ј-TCCCAGTGAATACTGATGAGA-3Ј; reverse, 5Ј-CCACTCTGGATCTC-CCAAGA-3Ј; and IL-4 (Overbergh et al., 1999) , forward, 5Ј-ACAGGA-GAAGGGACGCCAT-3Ј; reverse, 5Ј-GAAGCCCTACAGACGAGCTCA-3Ј. Specificity of the RT-PCR was controlled by the generation of melting curves, PCR efficiencies were 100 Ϯ 15%, and correlation coefficients were 0.97-0.99.
Thioglycollate macrophage isolation and microglial cell culture. Peritoneal macrophages were obtained using thioglycollate as described previously (Raes et al., 2002) and incubated in DMEM media (Cellgro; Mediatech, Herndon, VA) with 10% FBS supplemented with IL-4 (200 U/ml; Genzyme, Cambridge, MA) or IFN-␥ (150 U/ml; eBioscience) combined with lipopolysaccharide (LPS; 100 ng/ml; Sigma-Aldrich) for 24 h before staining for Ym1. Microglial cell lines were generated from CNS mononuclear cells isolated from 4-week-old B10.PL as described previously (Ponomarev et al., 2005a) . After 4 weeks, the microglial cell cultures were stimulated in the same manner as peritoneal macrophages.
Results

Microglial cells express high levels of mRNA for IL-4 and Ym1 in the CNS
It was previously demonstrated that IL-4-deficient mice are more susceptible to EAE, but the mechanism of this phenomenon is still unclear (Bettelli et al., 1998; Falcone et al., 1998) . One possible mechanism of how IL-4 inhibits EAE is the induction of aaM⌽s, which have a low capacity to support proliferation of autoimmune Th1 cells (Edwards et al., 2006) . In this study, we hypothesized that IL-4 production by CNS-resident cells induced an aaM⌽ phenotype in microglial cells. To test this hypothesis, we first analyzed the expression of IL-4 mRNA in the spinal cord of unmanipulated mice, and using real-time RT-PCR, we did not detect message for IL-4 in the total spinal cord homogenate (data not shown). In contrast, IL-4 message was detected in purified CNS mononuclear cells, of which ϳ95% are microglial cells ( Fig. 1 A) (Ponomarev et al., 2005b) . The inability to detect mRNA for IL-4 in total spinal cord homogenate is likely caused by the low level of expression by microglial cells, which constitute Ͻ10% of the CNS cellularity, being below the sensitivity threshold of real-time RT PCR.
Because IL-4 is known to induce the expression of Ym1 (Webb et al., 2001) , we examined its expression in microglial cells and found that it was expressed at a high level (Fig. 1 B) . To investigate whether microglial cells upregulate IL-4 and Ym1 during EAE, we used MHC class I mismatched BM chimeras to discriminate CNS-resident microglial cells from blood-derived peripheral macrophages (Ponomarev et al., 2005b) . In these chimeras, the peripheral infiltrating macrophages are distinguished from microglial cells by the expression of H-2K
b . Microglial cells that become activated during EAE are characterized by a CD45 high phenotype, when compared with resting microglial cells, which are CD45 low (Sedgwick et al., 1991; Ponomarev et al., 2005b) . At the peak of the EAE disease course, we sorted populations of resting CD45 low microglial cells, activated CD45 high microglial cells, and peripheral infiltrating macrophages and analyzed the level of mRNA expression for IL-4 and Ym1. The level of IL-4 expression was increased by approximately fourfold in both microglial cell populations compared with mice without EAE (Fig. 1 A) . In contrast, peripheral infiltrating macrophages expressed IL-4 mRNA at a level ϳ100 lower than microglial cells (Fig. 1 A) . Unlike IL-4, the expression of Ym1 was not altered in the CD45 low microglial cells during EAE. However, after activation (CD45 high ), the Ym1 message level was increased by fivefold ( Fig. 1 B) . As with IL-4, the peripheral infiltrating macrophages expressed Ym1 at an ϳ80-fold lower level than the microglial cells (Fig. 1 B) . These data indicate that CNS microglial cells exhibit properties of aaM⌽s, as indicated by high levels of mRNA expression for both IL-4 and Ym1.
In this study, the Ym1 primers used amplify both Ym1 and Ym2, but because Ym2 is primarily expressed in the stomach, we are likely detecting only Ym1 (Jin et al., 1998; Nio et al., 2004) . We confirmed this by using PCR primers specific for Ym1 or Ym2, as described previously (Welch et al., 2002) , and only detected message for Ym1 in the CNS (data not shown).
To confirm that Ym1 was detecting an aaM⌽, we also examined the expression of an additional marker of these cells, FIZZ1 (Raes et al., 2002) . We found that FIZZ1 was highly expressed by microglial cells in both normal and EAE mice and that this level increased over 10-fold after activation during EAE (Fig. 1C) . The infiltrating macrophages expressed FIZZ1 message at a level similar to activated microglial cells. These cumulative data demonstrate that the CNS microenvironment supports an aaM⌽ phenotype.
Resting microglial cells express Ym1 protein in the absence of NO production
Because we found that microglial cells in vivo expressed mRNA for Ym1 (Fig. 1 B) , we next investigated whether they express Ym1 protein. To quantitate the level of Ym1 expression by flow cytometry, we developed an intracellular staining method. We first validated our technique using peritoneal macrophages activated classically with IFN-␥/LPS or alternatively with IL-4. As expected, 57% of aaM⌽s were positive for Ym1, whereas caM⌽s were negative for Ym1 protein expression (Fig. 2 A) . We then examined the level of Ym1 protein expression by CNS-resident microglial cells versus blood-derived CNS perivascular macrophages and found that 25% of microglial cells expressed Ym1, whereas only 9% of perivascular macrophages were positive (Fig.  2 B) . Over three experiments, this difference was statistically significant (Fig. 2 D) .
Another feature that distinguishes caM⌽s from aaM⌽s is the ability of caM⌽s to produce NO (Edwards et al., 2006) . We compared NO production by microglial cells and perivascular macrophages in the normal CNS by flow cytometry using a DAF diacetate probe that can penetrate the cell and becomes fluorescent after binding to NO. We found that the mean fluorescence intensity (MFI) of the fluorescent probe was twofold to threefold higher in perivascular macrophages than in microglial cells (Fig.  2C,E) . This difference was statistically significant over three experiments ( p Ͻ 0.01) (Fig. 2 E) . These data further suggest that a subpopulation of microglial cells exhibits an aaM⌽ phenotype in the normal CNS, characterized by a high level of Ym1 expression in the absence of NO production.
During EAE, activated microglial cells upregulate Ym1 protein expression in the absence of NO production Studies have suggested that microglial cells express inducible nitric oxide synthase (iNOS) in the CNS during EAE (Okuda et al., 1995; Tran et al., 1997) ; however, these studies did not differentiate between microglial cells and infiltrating macrophages. Thus, we quantitatively analyzed the level of NO production and Ym1 protein expression by the three microglial cell populations and peripheral infiltrating macrophages. Because Ym1 was reported to be predominantly expressed by myeloid cells, we used the CNS lymphocyte population as a negative control for Ym1 expression (Fig. 3A) . During EAE, the percentage of Ym1 ϩ CD45 low microglial cells increased to 89%, which was further increased to 99% in the CD45 high activated microglial cell population (Fig. 3A) . Thus, during EAE, the majority of microglial cells expressed an alternatively activated phenotype. This is likely caused by increased production of IL-4 by the microglial cells (Fig. 1) . The high level of Ym1 protein expression by microglial cells is consistent with their high mRNA expression during EAE (Fig. 1 A) . We also found that during EAE, peripheral infiltrating macrophages expressed a high level of Ym1 protein (Fig. 3A) . This result was unexpected, because peripheral infiltrating macrophages expressed a low level of mRNA for Ym1 during EAE (Fig. 1 A) . These data indicate that Ym1 mRNA and protein levels are not always correlative. The average percentage of Ym1 ϩ cells from three separate experiments is shown in Figure 3B .
In parallel to analysis of Ym1 expression, we also analyzed NO production during EAE. Again, we used lymphocytes as the negative control. The solid line indicates the level of autofluorescence by the fluorescent probe in the lymphocytes. We found that the level of NO production by CD45 low microglial cells was very low and did not exceed the background level of NO production by lymphocytes. Although the MFI of the CD45 high microglial cells was slightly increased compared with CD45 low cells, the level did not exceed the lymphocyte negative control (Fig. 3A) . In contrast, production of NO by peripheral infiltrating macrophages was detected (Fig. 3A) . As shown in Figure 4C , both CD45 low and CD45 high microglial cells produced NO at a significantly lower level than peripheral infiltrating macrophages. The simultaneous expression of Ym1 and NO by macrophages suggests that the CNS microenvironment actively drives a new previously undescribed population of macrophages that exhibits characteristics of both aaM⌽s and caM⌽s. We have termed these macrophages dually activated macrophages (daM⌽s). Ym1 expression by microglial cells in the absence of NO demonstrates that the CNS microenvironment supports and maintains their aaM⌽ phenotype, even during inflammation associated with EAE. There was a statistically significant lower level of NO production in both CD45 low and CD45 high microglial cells than in peripheral infiltrating macrophages, as determined by the unpaired t test.
IL-4 induces Ym1 expression in cultured microglial cells
Ym1 expression by macrophages is known to be induced by IL-4. To confirm that IL-4 also upregulates Ym1 expression in microglial cells, we generated microglial cell cultures from adult B10.PL mice (Ponomarev et al., 2005a) and examined Ym1 expression by flow cytometry. Microglial cells cultured in medium alone did not express Ym1 protein (Fig. 4 A) , but the addition of IL-4 induced its expression (Fig. 4 B) . The addition of IFN-␥ in combination with LPS to induce classic activation did not result in Ym1 expression, as expected (Fig. 4C) . To determine whether the lack of Ym1 expression by in vitro cultured microglial cells was caused by reduced production of IL-4, we performed real-time PCR comparing IL-4 message levels with ex vivo isolated microglial cells. We found that cultured microglial cells expressed 10-fold lower levels of IL-4 message than those isolated directly from the CNS (Fig. 4 D) . These cumulative data confirm that IL-4 induces Ym1 expression in microglial cells and suggest that the CNS microenvironment signals IL-4 production by microglial cells.
IL-4 production in the CNS is required for the maintenance of Ym1 expression and suppression of EAE
We found that microglial cells expressed mRNA for IL-4 in vivo, suggesting that they are the major source of IL-4 in normal CNS. To investigate whether IL-4 and/or IL-13 were required for maintenance of Ym1 expression in microglial cells, we used mice deficient in IL-4 production (IL-4 Ϫ/Ϫ ) and mice deficient in the IL-4␣R, which is common to both the IL-4 and IL-13 receptors (Hilton et al., 1996) . Because IL-4 Ϫ/Ϫ mice were on the C57BL/6 background and IL-4␣R Ϫ/Ϫ mice were on the BALB/c background, we first investigated whether microglial cells from these two genetic backgrounds expressed comparable levels of Ym1 protein. We found that 20 -30% of microglial cells from both mice expressed Ym1 (Fig. 5A ). When we investigated the level of Ym1 protein in microglial cells in IL-4 Ϫ/Ϫ and IL-4␣R Ϫ/Ϫ mice, we found that microglial cells from both mice were negative for Ym1 expression (Fig. 5A ). An average of three experiments is shown in Figure 5B . These data indicate that IL-4 alone is suffi- To assess whether IL-4 expression by CNS-resident cells is important for regulation of EAE disease and maintenance of the Ym1 ϩ aaM⌽ phenotype, we generated chimera mice with a deficiency in IL-4 in the CNS by transplanting BM from wild-type (WT) (B10.PLxC57BL/6)F 1 mice into lethally irradiated IL-4 Ϫ/Ϫ C57BL/6 animals (WT3 IL-4 Ϫ/Ϫ ). When we induced EAE in the chimeras, we found that WT3 IL-4 chimeras had exacerbated EAE with an earlier onset, compared with control chimeras (Fig.  5A , Table 1 ). The average day of onset for the WT3 WT chimeras was 14.3 Ϯ 0.7, compared with 11.6 Ϯ 0.5 in the WT3 IL-4 Ϫ/Ϫ mice. This difference was statistically significant ( p Ͻ 0.005). On day 18 after disease induction, the average daily score was 2.9 Ϯ 0.1 in the WT3 IL-4 Ϫ/Ϫ and 1.9 Ϯ 0.3 in the WT3 WT chimera mice, which was a significant increase ( p Ͻ 0.01) (Fig. 6 A, Table  1 ). Because of the severe illness of the WT3 IL-4 Ϫ/Ϫ chimera mice, the experiment was terminated on day 18, and mononuclear cells from the CNS were isolated for analysis of leukocyte infiltration and Ym1 expression.
WT3 IL-4 Ϫ/Ϫ chimeras had statistically significant twofold increase in the absolute number of infiltrating lymphocytes and peripheral infiltrating macrophages (Table 1) . Similarly, the absolute number of activated microglial cells was also statistically increased in the WT3 IL-4 Ϫ/Ϫ chimeras, whereas the slight increase in resting microglial cells did not reach significance (Table  1) . Ym1 expression by CD45 low and CD45 high microglial cells and peripheral infiltrating macrophages was essentially absent in the WT3 IL-4 Ϫ/Ϫ chimeras compared with WT3 WT control (Fig. 6 B) . Thus IL-4 expression by CNS-resident cells is essential for the maintenance of an aaM⌽ phenotype by both microglial cells and peripheral infiltrating macrophages in the CNS and for the suppression of EAE clinical symptoms.
Discussion
In this study, we investigated the function of IL-4 in the CNS and found that its expression within the CNS was required for the regulation of EAE by modulating the extent of the inflammatory infiltrate. In the absence of CNS-derived IL-4, the absolute number of both lymphocytes and peripheral infiltrating macrophages were significantly increased, resulting in more severe EAE. The CNS-derived IL-4 also influenced the phenotype of both microglial cells and macrophages in the CNS by inducing the expression of Ym1, marking them as alternatively activated. Thus, IL-4 production within the CNS is critical for the regulation of CNS inflammation.
The cellular source of the CNS-derived IL-4 could be a number of cell types. We show that one of those sources is microglial cells themselves (Fig. 1) . Thus, they have the capacity to autoregulate themselves. Another potential cellular source is astrocytes (Hulshof et al., 2002) . Because IL-4 production in the normal CNS is not detectable, astrocytes would likely only produce IL-4 after activation during the EAE inflammatory process. In our model, during EAE, the encephalitogenic T-cells are not likely to contribute substantial amounts of IL-4. This is because of their Th1 phenotype (Dittel et al., 1999) and because EAE was more severe in the BM chimeras devoid of IL-4 in the CNS (Fig.  5) . Mice in which IL-4 was expressed in T-and B-cells were not protected from EAE, suggesting that these endogenous cells are also not a significant source of IL-4 (Tepper et al., 1990) . Another potential source of IL-4 is mast cells, but they have been shown to exert their effects outside of the CNS (Tanzola et al., 2003) . Thus, in the CNS, the primary source of IL-4 is likely microglial cells.
The signals that drive IL-4 production by microglial cells in the CNS are not known. Our data showing that ex vivo isolated microglial cells produce 10-fold more IL-4 message than cultured microglial cells suggest that the CNS microenvironment influences microglial cell function. Because microglial cells are distributed throughout the entire CNS, they have the potential to be in contact with all of the CNS cellular components. Functional interactions between microglial cells and astrocytes, oligodendrocytes, and neurons have been described (Dobrenis et al., 2005; Filipovic and Zecevic, 2005; Satoh et al., 2005; Mohri et al., 2006; Hasegawa et al., 2007) . Because IL-4 message increased in microglial cells during EAE inflammation, an interesting speculation is that this production is caused by microglial cells responding to inflammatory signals from either oligodendrocytes undergoing cell death or activated astrocytes. The consequence would be the increased production of an anti-inflammatory cytokine with the potential to regulate the proinflammatory activity of astrocytes (Molina-Holgado et al., 2002) .
Our data showing that IL-4 induces the expression of the Ym1 protein by both microglial cells and macrophages in the CNS suggest that the aaM⌽ phenotype is important for regulation of inflammation associated with EAE. An increase in Ym1 mRNA expression was recently shown in one of two analyzed mouse models of Alzheimer's disease (Colton et al., 2006) . Although the exact function of microglial cells is still being debated in neurodegenerative diseases, it was recently shown that IL-4-treated microglial cells injected into the CSF of mice with EAE suppressed clinical symptoms and promoted oligodendrogenesis in the spinal cord (Butovsky et al., 2006) . In addition, the addition of IL-4 to LPS-stimulated microglial and motoneuron cocultures suppressed the release of NO and decreased motoneuron injury (Zhao et al., 2006) . These studies suggest that IL-4-induced microglial cells are both anti-inflammatory and neuroprotective. Our studies demonstrating that IL-4 production within the CNS induces aaM⌽s and regulates the extent of inflammation support this conclusion.
We confirmed that infiltrating peripheral macrophages produce NO in the CNS. The role of NO in regulating EAE is not straightforward, with inhibitors of iNOS showing both protection and exacerbation in a variety of EAE models (Bogdan, 1998) . Mice deficient in iNOS have exacerbated disease (Fenyk-Melody et al., 1998; Sahrbacher et al., 1998) . What is becoming clear is that NO has dual functions in the CNS and that the timing and site of NO production determines its function (Bogdan, 1998; O'Brien et al., 2001) . Interestingly, we did not detect NO production by activated microglial cells during EAE (Fig. 3) . This finding, along with their Ym1 expression, categorizes microglial cells as aaM⌽s. Also of interest is the coexpression of NO, Ym1, and FIZZ1 in the peripheral infiltrating macrophage population, suggesting that these daM⌽s may also play a role in downmodulating CNS inflammation.
The CNS is a unique tissue with the presence of specialized glial cells important for neuronal function. Maintaining an immunosuppressive microenvironment in the CNS is important to prevent irreversible tissue damage. The inefficient induction of immune responses in the CNS is evident by the inability of the immune system to clear viruses that are harbored within the CNS. The exact mechanisms the CNS uses to maintain its immunosuppressive state are not clearly understood. Our data demonstrate that the production of IL-4 in the CNS is one such mechanism, providing additional evidence that IL-4 is a potential therapeutic target in the treatment of CNS inflammatory disorders that include MS.
